What factors determine the spatial heterogeneity of household energy consumption (HEC) in China? Can the impacts of these factors be quantified? What are the trends and characteristics of the spatial differences? To date, these issues are still unclear. Based on the STIRPAT model and panel dataset for 30 provinces in China over the period 1997-2013, this paper investigated influences of the income per capita, urbanization level and annual average temperature on HEC, and revealed the spatial effects of these influencing factors. The results show that the income level is the main influencing factor, followed by the annual average temperature. There exists a diminishing marginal contribution with increasing income. The influence of urbanization level varies according to income level. In addition, from the eastern region to western region of China, variances largely depend upon economic level at the provincial level. From the northern region to southern region, change is mainly caused by temperature. The urbanization level has more significant impact on the structure and efficiency of household energy consumption than on its quantity. These results could provide reference for policy making and energy planning.
Introduction
Household energy consumption (HEC) accounts for 35% of total energy end-use worldwide. In China, its share is 10.6% [1] . HEC will further increase by rapid economic growth and urban transformation in China [2, 3] . At present, China's economy is entering the "new normal", maintaining economic growth above 6.5%. Meanwhile, China is one of the most rapidly urbanizing countries in the world with the urbanization rate of 17.9% in 1978 and 54.77% in 2014. The average annual urbanization rate is 1%. It is predicted this rate will reach approximately 70% by the end of 2030 [4] . However, excessive consumption of fossil fuels is the major cause of global warming and air pollution, which becomes the greatest challenge to sustainable development [5] . There are many studies on response to the challenge [6] , in which few reports are from the view of spatial variances.
Energy consumption is one of the most fundamental needs for peoples' lives, which is closely related to all aspects of social activity. HEC, as the energy end-use, becomes the standard by which people's quality of life is measured [7] . There are many factors influencing HEC, including climatic conditions, income levels, cultural traditions, lifestyle of residents, and so on. Thus, there is a huge variation in the quantity, structure, pattern and greenhouse gas (GHG) emissions of the fuel consumed by households. The existing literature has investigated the impacts of people's income [8, 9] ,
Economic Factors
The income level is taken as a basic variable in almost all literature on HEC. It is not only an indicator of economic development level of regions or countries, but also a reflection of household paying ability (Table 1) . In developing countries, such as Vietnam [36] , India [37] and China [1, 9] , the household income is the key factor affecting quantity and structure of energy use.
Some studies apply GDP per capita to explain and variation in emissions across stages of development, and results indicate that there is a positive relationship between them [37] [38] [39] [40] . The energy price is one factor affecting household energy consumption, which has a negative impact. Increasing prices may discourage HEC in the US [13] . Cheap electricity prices may hamper the development of energy-saving implementations in household sector in China [1] . Moreover, electricity consumption and household electrical appliances use are heavily interdependent. Niu et al. found that the impact of appliance prices on power consumption is much greater than that of electricity prices [9] . Nie and Kemp (2014) argued that the increase in energy-using appliances is the biggest contributor to the increase of residential energy use [41] .
Social Factors
In addition, some social factors also affect HEC. The demographic characteristics have clear effects on energy consumption; population increases are matched by proportional increases in energy use and emissions [13] . Changes in age structure of population have impact on energy consumption [42] ; for example, older people probably consume more energy than younger people [43] . The number of household members is a significant explanatory variable. A large family usually consumes more energy than a small family, but energy consumption per capita is less than that of a small family [9, 44] . In addition, rural to urban migration shows a significant and negative influence on HEC and CO 2 emissions [36] .
The impact of lifestyle on energy use mainly reflects types and purposes of fuels chosen by different households. China is a country with typical binary economics and social diversity, and there is a significant difference in the consumption pattern between urban and rural regions [45] . Urban residents consume high-quality energy, such as electricity, natural gas, heating power, solar energy and gasoline. For rural residents, besides electricity, coal and biomass are used, which require much time and labor, and are heavy indoor pollutants [46] . The difference in energy consumption pattern between urban and rural residents is closely related to dwelling attributes and energy public infrastructure [9, 47] . Compared with rural households, urban households, usually living in multistory buildings, easily access clean and effective fuels through the electric grid, natural gas network and district heating system [37, 48] . Therefore, we regard urbanization level as an integrated variable reflecting social progress situation. [9] 1128 households in China (2) , (5), (12) 
2012
The main factors affecting electricity consumption are income, price and diversity of the electrical appliances and household size. Groh et al. (2015) [49] 231 samples in rural Bangladesh (2) , (4) (3) 2014 Energy access measurement is highly sensitive to changes in parameter values. Zhou et al. (2015) [50] China (1), (2) , (3), (8) , (9) (1), (3) 1990-2012
The impact of rural-urban development transformation on energy consumption and CO 2 emissions varies greatly across regions. In fact, the above factors are interdependent, and they simultaneously influence HEC. Many scholars regard the urbanization process as a comprehensive variable to analyze the issue on energy use in household sector (Table 1) . Some results indicate that urbanization increases the number of energy utilization through changes in lifestyles, which means there is a positive relationship between urbanization and household energy consumption [42, 51, 53, 55, 57, 65, 71] . However, some studies provide the opposite result [34, 42, 67] . Other studies show some mixed results, indicating that the relationship between urbanization and household energy use is complex and remains inconclusive [38, 40] . The disagreement in the existing studies can be attributed to differences in methodologies, data and stages of development [38, 40, 56] . However, there is a common feature: the structure of energy use shifts from inefficient solid fuels in rural areas to more efficient commercial fuels in urban areas [7, 37, 60, 72, 73] .
Therefore, the combination effect of these factors should be considered at national scale for drawing the accurate and detailed characteristics of the HEC in China, and this consideration could provide valuable insights to develop flexible and practical energy conservation and emission reduction policies against the environmental issues in China.
Methodology and Data

The STIRPAT Model and Panel Data Model
There are many mathematical models used to research the relationship between HEC and its influencing factors (Table 1) . Among them, the STIRPAT (Stochastic Impacts by Regression on Population, Affluence and Technology) is the most widely applied model [52] , which was proposed by Dietz and Rosa in 1994 [74] to overcome the limitations of the IPAT model (I = PAT) [57] . The pivotal limitation of IPAT is that it does not permit hypothesis testing because known values of some terms determine the value of the missing term [75] . Moreover, the IPAT model does not isolate the most important driver behind the identified environmental impacts [57] . The STIRPAT model may overcome these limitations, so it has been increasingly used to investigate the interaction between socio-economic changes and the environment. The model is as follows:
where α is the constant term. b, c and d are elasticities of environmental impacts of P (population size), A (affluence) and T (technology), respectively. The variable e denotes the error term, and the subscript i represents the region where the analysis has been made, such as a province. There are great differences in population, land area and level of economic development among 30 provinces (or municipalities and autonomous regions) in China. To compare the spatial variances among provinces, we take per capita energy consumption in household sector as the explained variable, which is equivalent to move P from the right side of the Equation (1) to the left side (I i /P = αA c i T d i e i ). After taking natural logarithms of both sides of STIRPAT model, the empirical model for the panel data can be written as follows:
where GDP is measured by the GDP per capita (thousand Yuan), URB denotes the urbanization level (percent), TEM denotes annual average temperature ( • C), e 1it denotes random disturbance term for Equation (2) . Enp represents energy consumption per capita (kgce) in the household sector in China, α i is the elasticity coefficient.
In order to differentiate urban and rural areas, we use per capita income instead of GDP per capita and a dummy variable instead of the urbanization level. Then, the estimation of the difference between urban and rural areas in household energy use is conducted with Equation (3).
where D presents a dummy variable to distinguish rural and urban areas, and e 2it denotes random disturbance term for Equation (3). We employ 13 different panel data models to estimate parameters. Panel data analysis help us to full use of the information contained in the samples and reflect the changing trends of research objects in three dimensions (cross-section, period and variables) [57, 76] . These methods include: (1) the pooled Ordinary Least Squares (OLS); (2) 
Hypotheses
H 01 : there is the spatial heterogeneity in HEC, which means that the intercept term α 0 and coefficient α i of explanatory variables in Equation (2) vary across provinces,
In addition, the spatial difference shows the consistency of space.
H 02 : there is a difference between urban and rural areas in HEC per capita, which implies that the coefficients of dummy variable D (D = 1 in urban area, D = 0 in rural area) would be great or statistically significant in Equation (3) . Because the temperatures of the same province are invariable, energy consumption is entirely determined by resident income.
Data Source
This study uses a balanced panel data of 30 provinces in China (excluding Tibet, Hong Kong, Macao and Taiwan) covering the period from 1997 to 2013. The provincial data on household energy use are derived from annual China Energy Statistical Yearbook (1998-2014) [77] . The data on GDP per capita, per capita income (per capita disposable income of urban residents and per capita net income of rural dwellers) and urbanization level are mainly obtained from annual China Statistical Yearbook (1998-2014) [78] . In addition, the GDP per capita is calculated by the constant prices of 2000 (thousand Yuan, RMB). The data of provincial average temperature come from National Meteorological Information Center [79] .
It is important to note that energy source used in rural areas does not include bio-fuels, which is not calculated by official statistics [28] . It only contains commercial energy in annual China Energy Statistical Yearbook.
Empirical Results
Impacts of Several Factors on Household Energy Consumption
Effect of Economic Growth
The results of the panel unit root tests show that the first-order difference series of all variables, except PP test of LnGDP, are stationary (Appendix A). Using Stata 14 soft, we conduct parameter estimation for 13 different models. Results show that GDP per capita, which represents a region's economic development level, has a significant positive impact on household energy consumption of all models (Table 2 ). About two-way fixed effects (Two-way FE) model, lnGDP has high elasticity of 1.691 because of the annual dummy variables with negative time effects (Appendix B). For dynamic panel data (DPD) model, there is the lagged term of dependent variable lnEnp with the coefficient of 0.827, which reflects the inertial effect of HEC, so the elasticity of lnGDP decreases to 0.155. For other models, Standard errors in parentheses; * p < 0.1, ** p < 0.05, *** p < 0.01.
Effect of Urbanization Process
There are 11 negative values and two small positive values in 13 elasticity coefficients of lnURB (Table 2) . Among them, five coefficients are significant at p < 0.01 level, two coefficients are significant at p < 0.1 level, and another six coefficients are not significant. Furthermore, China's urbanization rate increased from 31.9% in 1997 to 53.7% in 2013, which is a rapid growth rate from the view of urbanization process. However, compared with the economic growth rate, it is low. This indicates that the influence of urbanization on household energy consumption is far less than that of GDP per capita, which is consistent with the argument that changes in urbanization have a somewhat less than the proportional effect on aggregate energy use [60] . The negative elasticities indicate that a 1% increase in urbanization level would decrease household energy use per capita by 0.54% (it is a mean value of seven elasticities of lnURB that are statistically significant). Our results are different with some previous studies that show urbanization increases energy consumption [57, 71, 72] , and are supported by other studies [37, 40, 50, 68] . The reason could be that urbanization encourages fuels switching from inefficient traditional fuels to modern fuels, which are more efficient, leading to energy saving [38, 56] .
Impacts of urbanization on energy consumption are mixed in the existing studies and vary across the stages of development when it is applied in more countries [56] . Li and Lin [38] , Chikaraishi et al. [52] , Poumanyvong et al. [56] , and Poumanyvong and Kaneko [40] employed 73, 140, 88 and 99 countries to investigate the issue, respectively. Their results are similar: urbanization decreases household energy use in low-income countries, while it increases energy use in high-income countries. Table 3 shows estimated results for the less developed western region (11 provinces) except dynamic panel data model, elasticities of lnURB are negative and significant at p < 0.1 level. In the relatively developed eastern region (19 provinces), which equates with middle-income countries worldwide, there are four positive and nine negative coefficients (Table 4) . It shows the characteristic of the transition stage from low to high income. In a nutshell, our results are fairly consistent with international experiences [38, 39, 52, 56] . If we consider urbanization as the result of regional economic growth, and take out variable lnGDP from all models, all elasticities of lnURB will be positive values (Table 5 ). In this case, the impact of urbanization on household energy use is significant. Actually, there is collinearity between lnGDP and lnURB, these two variables interact closely. Urbanization causes economic output, which in turn pushes urbanization process [80] . Standard errors in parentheses; * p < 0.1, ** p < 0.05, *** p < 0.01. Standard errors in parentheses; * p < 0.1, ** p < 0.05, *** p < 0.01. Standard errors in parentheses; * p < 0.1, ** p < 0.05, *** p < 0.01.
Effect of Temperature Variance
The coefficients of lnTEM are negative for all models (Tables 2-5) , which indicate that a 1% increase in annual average temperature would decrease energy demand per capita by 0.12% to 0.823%. Among them, six, one and two coefficients of these models are significant at p < 0.01 level, p < 0.05 level and p < 0.1 level, respectively, and four other coefficients are insignificant (Table 2 ). Since temperature variances of 29 provinces in 17 years are less than 0.6 • C, except Chongqing City (0.92 • C), the impact of temperature change on household energy consumption is small in the same region. Territory of China has a large span in latitude and longitude, the annual average temperatures in the southernmost province, Hainan, and the northeast province, Heilongjiang, are 24.6 • C and 5.3 • C, respectively. With the higher elevation, Qinghai Province has the second lowest annual average temperature.
The difference in temperatures between provinces is significant ( Figure 1) . Thus, temperature is a spatial variable, and has a relatively large impact on household energy demand across provinces.
< 0.05 level and p < 0.1 level, respectively, and four other coefficients are insignificant (Table 2 ). Since temperature variances of 29 provinces in 17 years are less than 0.6 °C, except Chongqing City (0.92 °C), the impact of temperature change on household energy consumption is small in the same region. Territory of China has a large span in latitude and longitude, the annual average temperatures in the southernmost province, Hainan, and the northeast province, Heilongjiang, are 24.6 °C and 5.3 °C, respectively. With the higher elevation, Qinghai Province has the second lowest annual average temperature. The difference in temperatures between provinces is significant ( Figure  1 ). Thus, temperature is a spatial variable, and has a relatively large impact on household energy demand across provinces. 
Spatial Heterogeneity of HEC
Differences between the Eastern and the Western Regions of China
Comparing two coefficients of lnGDP estimated by same model in Tables 3 and 4 , we can find that the coefficient of the western region is always greater than that of the eastern region. Due to w est east    , there is the spatial difference in household energy use, which means the hypothesis H01 is true. This indicates that the contribution of GDP per unit to household energy use in the western region is more than that in the eastern region. GDP per capita in the eastern region was two times and 1.8 times of that in the western region in 1997 and 2013, respectively. In addition, the proportion between them declined slowly, but there has been a steady increase in the absolute difference. The east and the west of China have been at different stages of development, and income level is a strong factor that affects spatial variance of household energy consumption in China. Similarly, when the elasticities of lnTEM are estimated by the same model, results (absolute value) in the western region are still greater than that in the eastern region (Tables 3 and 4 ). The coefficients of 12 models except DPD are statistically significant in the western region (Table 3) , and only seven models' coefficients are statistically significant in the eastern region. This indicates that 
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Similarly, when the elasticities of lnTEM are estimated by the same model, results (absolute value) in the western region are still greater than that in the eastern region (Tables 3 and 4 ). The coefficients of 12 models except DPD are statistically significant in the western region (Table 3) , and only seven models' coefficients are statistically significant in the eastern region. This indicates that residents living in the western region with high altitude are more sensitive to temperature change in household energy consumption.
The elasticity coefficients of lnURB estimated by the same model are invariable (Tables 3 and 4) . Therefore, the spatial heterogeneity of household energy consumption between the east and the west is mainly determined by economic development, followed by the temperature.
Differences between the Northern and the Southern Regions of China
In the northern region of China with high latitude, the cold weather lasts longer than the southern region. The energy consumption for heating is large and relatively inelastic for long time. In recent years, residents in the southern region increase energy use, especially electricity consumption, for cooling in the summer as their incomes rise. The impact of temperature change on household energy consumption shows in the intercept terms of the fixed effect models (Figure 2) . Intercepts vary across provinces in models, and this variance shows clear spatial difference between the northern region and the southern region. Then, Equation (2) can be changed as follows: 1, 2, . . . , 30, t = 1, 2, . . . , 17) (4) where α * 0i is the intercept of the ith province. Most of intercepts are positive in the northern provinces, and the sum of α 0 + α * 0i increases; and they are negative in the southern provinces, and the sum of α 0 + α * 0i decreases. This indicates that the base of HEC in the northern region is higher than that in the southern region. In addition, annual average temperatures of Guizhou Province and Shandong Province are remarkably close, but intercept of Guizhou Province (in southwest China) is positive, and that of Shandong Province (in northeast China) is negative. They belong to opposite groups. Actually, Guizhou is a mountainous province with high altitude, which has a wide temperature range. Thus, the base of energy consumption is high. However, Shandong Province is located in the plain and adjoins the sea. Thus, small temperature variance leads to low base of energy consumption. In sum, α 01 = α 02 = . . . = α 0n , and there is a spatial difference. Thus, the hypothesis H 01 is true.
Therefore, the spatial heterogeneity of household energy consumption between the east and the west is mainly determined by economic development, followed by the temperature.
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Differences between Urban and Rural Areas
As FD, 2S-GMM and DPD (three models) are unsuitable for estimating parameters of virtual variable, we employ the other 10 models to estimate the impacts of resident income, temperature and the dummy variable on HEC per capita. The results show that constant terms and elasticities of 
As FD, 2S-GMM and DPD (three models) are unsuitable for estimating parameters of virtual variable, we employ the other 10 models to estimate the impacts of resident income, temperature and the dummy variable on HEC per capita. The results show that constant terms and elasticities of lnINC and lnTEM are statistically significant at p < 0.01 level for 10 models, and difference in these parameters between models is not significant (Table 6 ). Resident income does positive contribution to household energy use, and temperature has negative contribution, which is consistent with above results in Tables 3 and 4 . Standard errors in parentheses; * p < 0.1, ** p < 0.05, *** p < 0.01.
The coefficients of dummy variable have narrow change range from −0.0445 to 0.242, which indicates that HEC per capita in urban area is slightly greater than that in rural area. In addition, the coefficients of eight models are insignificant, only the coefficients of PW and FGLS models are significant at p < 0.1 and p < 0.01 level, respectively. Thus, there is no significant difference in HEC between urban and rural areas. Therefore, the hypothesis H 02 is not true. Our results do not support the viewpoint that urbanization increases energy consumption [57] .
The dummy variable mainly explains change of the intercept term, but it cannot explain the contribution of coefficients. Therefore, we employ the varying-coefficient models to estimate the relevant parameters, and find the evidence of spatial heterogeneity between urban and rural areas. All income elasticities of urban residents are lower than that of rural residents for time varying-coefficient model (Equation (5)) and individual varying-coefficient model (Equation (6)) (Figures 3 and 4) , which indicates that the contribution of increase in unit income to energy use per capita in rural area is always greater than that in urban areas. In addition, the coefficient of urban resident income shows a slow convergence trend in Figure 3 , which indicates that there exists a diminishing marginal contribution with increasing income. This trend does not appear in rural areas. Thus, hypothesis H 01 is true. In fact, the spatial heterogeneity between rural and urban households has more significant impact on the structure, pattern and efficiency of HEC than on the quantity of it [45, 50, 81, 82] . First, the relatively perfect energy infrastructure, including central heating system, natural gas network system, power grids and filling stations, is build up in urban China. City dwellers easily access the high-quality energy, which is because dense population makes the relative cost of the construction down. Besides the electric grid, there are no other energy public infrastructures in the rural area. Thus, peasant families difficultly access natural gas and district heating, and drive longer distances to refuel motor vehicles. Coal accounts for almost 50% of total amount of commercial energy source consumed by them in 2013 ( Figure 5 ), and they utilize some biomass fuels [48, 72] . Second, if the In fact, the spatial heterogeneity between rural and urban households has more significant impact on the structure, pattern and efficiency of HEC than on the quantity of it [45, 50, 81, 82] . First, the relatively perfect energy infrastructure, including central heating system, natural gas network system, power grids and filling stations, is build up in urban China. City dwellers easily access the high-quality energy, which is because dense population makes the relative cost of the construction down. Besides the electric grid, there are no other energy public infrastructures in the rural area. Thus, peasant families difficultly access natural gas and district heating, and drive longer distances to refuel motor vehicles. Coal accounts for almost 50% of total amount of commercial energy source consumed by them in 2013 ( Figure 5 ), and they utilize some biomass fuels [48, 72] . Second, if the various types of energy used by households are converted into effective heat, the "energy ladder" between rural and urban areas became clear [7, 83] . By consuming the same amount of energy, an urban household uses the high-quality fuel, and obtains more effective heating than a rural household. Our previous study shows that per capita energy consumption in the provincial capital and rural area is 490.4 kgce and 456.1 kgce (including bio-fuels), respectively. Per capita effective heat is 323.3 kgce and 123.6 kgce, respectively [7] . However, the energy structure dominated by the fossil fuel is unfavorable to reduce GHG emissions.
urban household uses the high-quality fuel, and obtains more effective heating than a rural household. Our previous study shows that per capita energy consumption in the provincial capital and rural area is 490.4 kgce and 456.1 kgce (including bio-fuels), respectively. Per capita effective heat is 323.3 kgce and 123.6 kgce, respectively [7] . However, the energy structure dominated by the fossil fuel is unfavorable to reduce GHG emissions. 
Discussion and Conclusions
Discussion
Some studies adopted the data of total energy or total HEC in a region or country to analyze the relationship between urbanization and energy consumption [51, 53, 55, 57] . It is inevitable to obtain results that urbanization promotes energy usage because the energy consumption necessarily increases with the growth of urban population. This is a mechanical effect of increase. To know whether urbanization improves the efficiency of energy-use, HEC per capita is used to discuss the issue. The result shows that the effect of urbanization on household energy use varies according to economic development stage. Urbanization decreases energy use in the western underdeveloped region, while its effect is mixed in the eastern region at middle-income level. Therefore, it is inadvisable to advocate that China should slow the process of urbanization to combat global climate change [57] . Instead, China should view urbanization as an opportunity to save energy and reduce emissions [53] .
There is concern that the share of fossil fuel in HEC is increasing. With outflow of rural population and increasing use of modern fuel in rural households, there is more surplus biomass energy. Although biomass energy is non-commercial energy source, its use is still influenced by economic factors. In addition, the urban resident with relatively high income does not use biomass energy because its energy intensity is low and it discharges many pollutants caused by burning. Rural households usually cut-down on their usage of bio-fuel as their incomes increase. The comprehensive utilization of crop straw becomes a new problem in China. According to Sun's estimation [28] , actual amount of household energy consumption in rural areas of China is greater than data from Energy Statistical Yearbook (State Statistical Bureau, 1998 -2014 . If the source of household energy use in rural areas includes biomass fuel, the difference in per capita household energy consumption (kgce) between urban and rural area will become not significant. Other studies argued that total energy consumption in rural households exceeds that in urban households because of a continued dependence on inefficient solid fuels [37] . When explained variable in rural area increases in Equations (5) and (6), constants and income coefficients will also increase, which does not change the trend of the spatial heterogeneity in energy consumption between rural and urban households.
In existing scientific literature, temperature is regarded as a function of time. Thus, the temperature fluctuation in time series is used to examine its impact on HEC for the given region. The 
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There is concern that the share of fossil fuel in HEC is increasing. With outflow of rural population and increasing use of modern fuel in rural households, there is more surplus biomass energy. Although biomass energy is non-commercial energy source, its use is still influenced by economic factors. In addition, the urban resident with relatively high income does not use biomass energy because its energy intensity is low and it discharges many pollutants caused by burning. Rural households usually cut-down on their usage of bio-fuel as their incomes increase. The comprehensive utilization of crop straw becomes a new problem in China. According to Sun's estimation [28] , actual amount of household energy consumption in rural areas of China is greater than data from Energy Statistical Yearbook (State Statistical Bureau, 1998 Bureau, -2014 . If the source of household energy use in rural areas includes biomass fuel, the difference in per capita household energy consumption (kgce) between urban and rural area will become not significant. Other studies argued that total energy consumption in rural households exceeds that in urban households because of a continued dependence on inefficient solid fuels [37] . When explained variable in rural area increases in Equations (5) and (6), constants and income coefficients will also increase, which does not change the trend of the spatial heterogeneity in energy consumption between rural and urban households.
In existing scientific literature, temperature is regarded as a function of time. Thus, the temperature fluctuation in time series is used to examine its impact on HEC for the given region. The impact of temperature variations on energy consumption for heating and cooling is the most sensitive [10, 11, 32, 34] . In this study, to reflect the regional differences, the temperature is regarded as the spatial function of energy consumption. The inter-annual temperature fluctuates up and down in a region, and value of the temperature variation in a region is far less than the value of temperature difference between regions. Thus, the spatial effect of temperature on HEC is more significant than the time effect of it. Our result shows the trend of the impact of temperature fluctuation on energy use in household sector.
The local spatial difference between urban and rural areas has more significant impact on the structure and efficiency of household energy consumption than on the quantity of it. In the rural areas, in order to enhance the availability of high-quality energy, energy public infrastructure should be improved. Thus, it is necessary to develop the new technology that solid biomass, such as crop straw, dung and firewood, are converted into biogas and liquid fuels. Then, clean energy can be used for heating and cooking for the rural resident [84] . In addition, the growth of clean energy should be accelerated to gradually change the structure of energy source dominated by fossil fuel at present [85] . There are rich renewable energy sources in western China, such as solar energy, wind power and hydropower. Meanwhile, Industrial surplus heat can be used for district heating in urban areas [86] .
Based on the literature review in Section 2, we chose three key variables having larger impact on household energy consumption in macro-scale. Some factors, such as fuel price and demographic characteristic, lack significant spatial difference. Other factors, such as infrastructure conditions and resident's lifestyles, lack full database at the provincial level. Besides, there is spatial difference in precipitation and wind speed, but they have little impact on HEC. As limitations of this study, we will investigate the impact of these factors on spatial difference of HEC in future work.
Conclusions
Household energy consumption is influenced by many factors. These factors exert influence on the amount, structure and pattern of energy use in various ways. Based on the STIRPAT model and panel dataset for 30 provinces in China over the period 1997-2013, effects of GDP per capita, urbanization level and annual average temperature on HEC per capita were investigated. The estimation results show that GDP per capita (lnGDP) has a significant positive impact on household energy consumption for 13 different models. A 1% increase in GDP per capita (thousand Yuan) would lead to 0.75% increase in energy consumption per capita (kgce) when other factors are invariable. It is the same result if resident income (IN) is substituted for GDP, and income contributions to energy use are positive in all models. This indicates that economic level is a key factor influencing household fuel consumption. It is also worth attention that there exists a diminishing marginal contribution with increasing income. The elasticity coefficients of urbanization level (lnURB) are negative for most models, which indicate that a 1% increase in urbanization level would decrease household energy use per capita by around 0.54%. However, if lnGDP terms are taken out from all models, all values of elasticities of lnURB will become positive (Table 5) , which means that there is a collinearity between lnGDP and lnURB, and these two variables interact closely. In addition, the impact of urbanization on HEC varies across the stages of economic development: it would decrease household energy use in the less developed western region, while it has mixed results in the relatively developed eastern region.
The effects of temperature on HEC are negative for all models, which express the opposite correlation between climatic conditions and energy consumption. The negative coefficients of lnTEM indicate that a 1% increase in annual average temperature would decrease energy consumption per capita by 0.12%-0.823%.
The spatial heterogeneity in HEC has multiscale behavior. At the provincial level, quantitative variation in the east-west direction largely depends upon economic development level, followed by the temperature. The elasticity coefficients of lnGDP in the western region are always greater than that in the eastern region, which indicates the effect of resident income on HEC in less developed region is more sensitive than that in the relatively developed region. The change in north-south direction is mainly determined by temperature. The intercept terms estimated by models in the most north provinces are positive, and those in the most southern provinces are negative, which indicates that the cardinal number of HEC is greater for heating in long and cold winter in north provinces. In addition, the results estimated by dummy variables for most models show that the difference between urban and rural areas in quantity of HEC is not significant, while those in the structure and efficiency are significant. This is because there is relatively good energy infrastructure in urban areas and the urban residents have higher incomes.
GDP or income per capita and urbanization level are increasing annually; they not only have the time effect on energy consumption but also the spatial effect, while annual average temperature is relatively stable on inter-annual timescale. These three factors affect energy consumption in household sector together, while showing their own spatial difference. These results are worth paying attention to for energy policy makers and planners in China.
To meet the global challenge of climate change and the need of China's urbanization transformation, it is necessary to accelerate the development of renewable energy, and improve the rural energy infrastructure. In addition, to reduce emissions in China, we should focus on energy structure optimization and efficiency improvement, and build up the low-carbon oriented household energy system [87, 88] . Figure B1 . The time effect of model FE-TW.
